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M a n u s c r i p t
Introduction
A growing awareness of climate change, air pollution and energy consumption necessitates the development of clean, renewable and sustainable fuels. In terms of small energy generators for either fixed or mobile power sources there are a number of existing technologies, of which diesel engines are common. However, unless legislated against, such engines produce exhaust streams with significant amounts of NO x , SO x and particulates.
Furthermore diesel exhausts have been linked to cancer [1] in a recent World Health
Organisation report, thus clean alternatives are again desired [2] . Dimethyl ether (DME) is one of the most promising ultra clean, renewable and oxygenated alternative fuel for diesel engines. The reasons for this are numerous and include its lower auto-ignition temperature (cetane number, CN> 55), higher oxygen content (34.8% by mass) and C-O-C molecular structure. DME can be easily evaporated [3] is non-toxic, non-carcinogenic and noncorrosive. It is also considered as an environmentally friendly compound because of its low global warming potential over both short and long time horizons [4] .
There are two main ways to produce DME, either by methanol dehydration over a solid acid catalyst or direct synthesis from synthesis gas over hybrid catalysts comprising metal oxide (i.e. Methanol synthesis) and a solid acid (i.e. Methanol Dehydration). Both of these reactions are shown below [5] 3CO + 3H 2 ↔ CH 3 OCH 3 + CO 2 (1)
Methanol to DME (MTD) dehydration over a solid acid catalyst in a fixed bed reactor was first reported by Mobil in 1965. Since then, many methanol dehydration catalysts have been A c c e p t e d M a n u s c r i p t examined [5] including γ-Al 2 O 3 [2, 6-9], crystalline aluminosilicates [9, 10] , zeolites (ZSM-5) [11] , clays [12] and phosphates such as aluminium phosphate [13, 14] . However the most common catalysts used are γ-Al 2 O 3 and zeolites.
The activity of H-type zeolites has been reported for the dehydration of methanol to DME [15] [16] [17] [18] [19] . These zeolites are characterized by their high acidity, however, such high acidity can result in significant coke formation and consequently fast deactivation [20] . Furthermore methanol can undergo secondary reactions to produce hydrocarbons at temperatures higher than 240 ˚C [16] . Coke deposition on the surface of catalysts has been observed in the case of strong acid catalysts [2, 21, 22] , and thus formation of coke as side product was reported as a disadvantage of using zeolites in MTD reaction. However, γ-Al 2 O 3 has a low activity at temperatures lower than 300 ˚C were no hydrocarbons are formed thus giving a total selectivity for DME of 100% [16] . Also γ-Al 2 O 3 is associated with weak to medium acidic sites, and thus is preferable in the MTD reaction [14] providing greater coke stability and lower by-product formation [8] .
Alumina is one of the most important structural materials with several transition phases that have enormous technological and industrial significance [23] . It is thus the most common catalyst and catalyst support used in heterogeneous catalysis due to its low cost, good thermal stability, high specific surface area, surface acidity and interaction with deposited transitional metals [24] . The γ-phase in particular is one of the polymorphic phases of alumina with numerous applications [23] . Alumina exists in eight different polymorphs -seven metastable phases (γ, κ, ρ, η, θ and χ) as well as the thermally stable α-phase. The metastable (also known as transition) phases of alumina are intrinsically nanocrystalline in nature and M a n u s c r i p t can be easily synthesized by a variety of methods. γ-Al 2 O 3 can be transformed into a different phase under heat treatment with this transformation sequence being illustrated as follows: [25] Boehmite, aluminium oxyhydroxide (AlO(OH)), is a versatile material employed in domains such as sol-gel ceramics, surface coatings, rheology control, and pharmaceuticals [26] . It is also an important precursor in preparing alumina. γ-Al 2 O 3 , is commonly produced from boehmite by calcination at 500˚C in air [26] , and those modified with silica, phosphorus or B 2 O 3 are current commercial catalysts for the dehydration of methanol to DME [26] .
Seo et al. [27] M a n u s c r i p t
Transition aluminas are widely used as catalysts and catalyst supports in many industrial processes, in particular those related to petroleum refining [29] . Knözinger and Ratnasamy [29] studied the nature of aluminas and they proposed models for it. They reported that the nature of the surface hydroxyl on γ-Al 2 O 3 depend on the surface microstructure and therefore differed on each crystal plane.
Clearly the preparation method affects the activity of the catalysts as activity varies with both precursor type and the preparation procedure. For alumina there are a number of different preparation methods which can be used. For example γ-Al 2 O 3 can be prepared from different precursors as aluminium nitrate [2, 30] , aluminium chloride [23, 31] or from aluminium isopropoxide [6, 8, 26] . In this work a comparative study was performed between the two cheapest and most readily available precursors which are aluminium nitrate and aluminium chloride. This was in order to identify which one was the best at producing an active catalyst with latter tests conducted to benchmark them against commercial materials. The effect of calcination temperature was also studied to find a catalyst with the highest catalytic performance for methanol dehydration to DME. Long term stability tests were also performed for the best active catalysts identified and again these were benchmarked against commercial materials.
Experimental
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Materials and methods
The chemicals used in the present study were all analytical grade and supplied by Aldrich, UK. These included aluminium nitrate nonahydrate [Al(NO 3 ) 3 ·9H 2 O], ammonia solution (35%) and aluminium chloride anhydride (AlCl 3 ).
Catalyst preparation
Catalysts were prepared from two precursors namely Al(NO 3 ) 3 .9H 2 O and AlCl 3 . Al (NO 3 ) 3 .9H 2 O was first dissolved in deionized water with continuous stirring at 60 ˚C. When the solution was completely mixed and heated to 100˚C, ammonia solution was added dropwise. After the addition of the ammonia solution was completed stirring continued for a further 12 hrs at room temperature (approx. 18 ˚C). The pale off-white precipitate was filtered, washed, and dried at 120 ˚C overnight. The precipitate was then calcined at either 300 or 550 ˚C for 4 h. The catalysts that dried at 120˚C and those calcined at 300, 550˚C are designated as AN120, AN300 and AN550, respectively.
The same procedure was followed for the catalysts prepared from the AlCl 3 precursor. In this case and after filtration of the precipitate, the powders were thoroughly washed with hot water to remove any soluble chloride. The removal of chlorine was verified by a AgNO 3 test.
Here a sample of the filtrate was taken and a drop silver nitrate added, if this formed a precipitate or turbid solution would indicate the presence of chorine in the sample. In this case detectable levels of chlorine were not found. After drying at 120 ˚C overnight, the precipitate was calcined at 300, 370, 550, 650 and 750 ˚C, respectively. As above the catalysts that were dried at 120 and calcined at 300, 370, 550, 650 and 750˚C are designated as AC120, AC300, AC370, AC550, AC650 and AC750, respectively. All the catalysts (dried M a n u s c r i p t
and calcined) were further tested for chlorine content using
The commercial γ-Al 2 O 3 (BET = 117 m 2 /g) was prepared by crushing γ-Al 2 O 3 pellets (Alfa Aesar). Commercial NH 4 -ZSM-5 zeolite (Alfa Aesar) with (SiO 2 /Al 2 O 3 =80) (BET = 425 m 2 /g) was also used, for simplicity this catalyst is designated and labelled as HZSM-5(80).
Catalyst Characterization
Thermogravimetry (TGA) was performed from ambient to 600˚C at a heating rate of 10 C/min, in a stream of dry N 2 flowing at 40 cm 3 /min, using a Perkin Elmer Thermogravimetric analyzer Pyris 1TGA. Changes in mass of the sample were recorded during the ramping operation.
Powder X-ray diffraction (XRD) experiments of the catalysts were carried out using a PANalytical X'Pert Pro X-ray diffractometer. This diffractometer is equipped with a CuKα X-ray source with wavelength of 1.5405 Ǻ. The diffractograms were collected from 10° to 89°. The X-ray detector was set at 40 kV and 40 mA. Once the scan had finished, the main peaks were selected and compared to diffraction patterns in the software library. The pattern with the highest percentage match was used.
Brunauer-Emmett-Teller (BET) analysis was performed using using a Micromeritics ASAP 2010 system. The BET surface areas and pore volumes were measured by N 2 adsorption and the desorption isotherm at liquid nitrogen temperature (-196 ˚C).
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The chlorine content was measured using by combusting the sample in an oxygenated flask containing water, then shaking; in which chlorine dissolved in water forming HCl, the later was titrated with 0.02 M Hg 2 NO 3 to find % Cl
The total number of acidic sites (sites. m -2 ) over each catalyst were measured using the temperature programmed desorption of pyridine (TPD-pyridine) as the probe molecule. The details have been described previously [32, 33] . This was performed using 50 mg of the catalyst after pretreatment at 250°C for 2 h in air before the exposure to the probe molecule. Further characterization of the catalysts by scanning electron microscopy (SEM) was performed using a JEOL JSM-6500F (Field Emission Scanning Microscope) operated at 5 kV.
Catalyst activity
The activity testing was carried out in an isothermal fixed-bed reactor made of stainless steel The methanol conversion (X MeOH ) Eq. 5 was calculated based on the molar flow rate of methanol in the feed (F MeOH,in ) and in the outlet stream (F MeOH,out ): DME yield (Y DME ) was determined in Eq. 6 as the ratio (expressed in molar flow rate)
between the actual moles of the product DME that are present in the reactor outlet stream and theoretical moles of the product DME: DME formation rate (r DME ) was determined in Eq. 7 as the actual moles of the product DME that are present in the reactor outlet stream per gram catalyst: in which Bayerite is the most prominent peak. As Bayerite has the highest symmetry among all Al(OH) 3 structures it is the most thermodynamically stable phase, and thus the initially formed crystalline phase [34, 35] . Bayerite is formed at room temperature and transforms to Gibbsite with high crystallinity. The high and sharp diffraction peak in diffractogram (a) indicates that the obtained mixture phases have a large crystalline size (see Table ( 1)) [33] . Diffractogram (b) showed mixture of diffraction lines that correspond to [25, 36] , the appearance of the new δ -Al 2 O 3 is known to affect the catalytic performance of the catalyst during the MTD reaction as will be discussed later. It is apparent from this data that the bulk structures of γ-and η-Al 2 O 3 are very similar to each other, and in some instances are considered to be identical [34, 37, 38] .
Results and Discussion

Catalyst characterization
X-ray diffraction (XRD) analysis
For all catalysts, the particle size of γ-Al 2 O 3 increased with increasing calcination temperature which is in agreement with Seo et al. [27] . The large particle size for the AN120, i.e. the dried catalyst, is attributed to the mixture of gibbsite and bayerite as mentioned above M a n u s c r i p t (see Table ( 1) and Figure (2) ). This then initially decreases with calcination at 300 °C and thereafter increases as in the case of the chloride precursor.
TGA
All the catalysts were subjected to TGA analysis to show the suitable temperature of calcinations AC and AN catalysts for obtaining γ-Al 2 O 3 and η-Al 2 O 3 phase, respectively. As seen in Figure (3 phase. Here again the difference in weight loss 9.3 % can be also attributed to the desorption of physisorbed water [39] as well as dehydroxylation occurring when gibbsite transformed into η-Al 2 O 3 [31] . For AN550 catalyst, the weight loss is 7.3% which can be attributed to the desorption of physisorbed water [39] , as there is no weight loss due to the complete transformation to η-Al 2 O 3 . From Figure ( 3)a, the most suitable temperature to prepare η-Al 2 O 3 is 550°C and is in good agreement with the XRD data. Table   ( 1)). Spectrum (B) exhibited the same features to that of AN550, except that the intensity of the absorption bands in AC550 are lower than that of AN550, which is clear in spectrum (C).
DRIFT spectra (C) give clear evidence that AN550 is higher acidity than AC550.
A c c e p t e d M a n u s c r i p t Figure (5) shows the SEM images of AN550 and AC550. As seen from these there is a difference in the morphology of the particles. Here the AN550 (Figure (3) a) tends to consist of spherical particles. Clearly the AC550 produces a much smoother surface. It can thus be concluded from the SEM that the surface roughness is very different between the AN550 and AC550 catalysts. increased. In the temperature range from 300 °C to 650 °C, the particle size of the samples was comparable (see Table ( 1)). As the temperature increased to 750 ˚C, the change was significant (15.8%). This change was accompanied with a decrease in acid site density of 6.7% and the presence of new δ-Al 2 O 3 phase [25] with the γ-Al 2 O 3 (see Figure (1 
Catalyst activity
it may cause a sharp decrease in catalytic activity of AN750 as shown in Figure (4) a.
Therefore as expected the properties of the acid sites and their density within the alumina change with the calcination temperature (see Table ( 1)). It can be seen from Figure (6) b that for each reaction temperature the methanol conversion increased until a maximum was found between 550 and 650 °C. This maximum is less clearly defined than in the case of the AC catalysts. The decrease of activity at calcination temperature of 750 ˚C may be attributed to the structure of η-Al 2 O 3 calcined at 750 °C which partially collapsed resulting in a decrease in acid site density [27] and an associated decrease in catalytic activity.
A c c e p t e d M a n u s c r i p t Figure (7) shows the effect of temperature on the activity of solid acid catalysts prepared using different aluminium precursors. But as shown in the Figure (7) a, as the temperature increased the activity increased for all catalysts in the following sequence: AN650 > AN550 >AN300 > AN750 >AN120. Clearly the thermodynamic equilibrium conversion for AN300, AN550 and AN650 is obtained at temperatures greater than 275 ˚C. Given the equilibrium constraints the conversion of methanol does not exceed 86.5% and thus the maximum conversion of methanol is limited under the reaction conditions (300 °C) employed. It can be seen from Figure (7) b that all catalysts exhibited low activity at reaction temperatures below 200 °C regardless the calcinations temperature, and is attributed to the low activity of alumina at such temperatures. Fu et al. [16] and Jiang et al. [11] studied the effect of temperature on the activity of γ-Al 2 O 3 for dehydration of methanol to DME. They found that γ-Al 2 O 3 exhibited low activity at temperatures below 300 °C. As the reaction temperature increased, the methanol conversion increased for all catalysts in the following sequence:
AC650 >AC550 > AC750>AC300 > AC120. However it is clear from Figure (7) a and b that the most active catalysts at all reaction temperatures are AN550 and AN650 from aluminium nitrate precursor and AC650 from aluminium chloride precursor.
As shown in Figure (7) , AN catalysts are higher in activity than AC catalysts at the same calcination temperature. For instance, AN550 (η-Al 2 O 3 ) and AC550 (γ-Al 2 O 3 ) were calcined at 550 ˚C however there are significant differences in methanol conversion especially at reaction temperatures higher than 200 °C. Such differences could be attributed to differences in surface area, total acid sites, acid density, morphology and structure. From Table (1), AN300 and AC300 have acid site densities of 6.3 and 3.5 sites/m 2 , respectively which is in fact higher than that of AN550 and AC550 i.e. 3.8 and 2.5 sites/m 2 , respectively. From XRD (Figure (1) ), AN300 has a mixture of (η-Al 2 O 3 and gibbsite) phases while AC300 has only M a n u s c r i p t boehmite phase. On the other hand AN550 and AC550 have the η-Al 2 O 3 and γ-Al 2 O 3 phase, respectively. This means that different Al 2 O 3 phase can be formed when starting with different precursors. Such significant differences in activity between AN catalysts and AC catalysts, may be attributed to the structure γ-Al 2 O 3 which possessed almost hexagonally formed crystallites with an exposed surface of (110) planes preferentially whereas η-Al 2 O 3 possessed relatively large particles, and the preferentially exposed surfaces correspond to the (111) crystallographic planes. [27] Furthermore given the relative difference in activities between the two precursors and their relative similarity in terms of surface area etc., for example, AN550 has higher DME formation rate than AC550 catalyst for all temperature ranges as shown in Figure ( 8)a and higher DME yield (see Table ( 1)), this suggests that some poisoning of catalyst sites due to residual chloride may be responsible. Figure (8) a shows the effect of reaction temperature on the DME formation rate (calculated based on Eq. (7)) over the produced AN550, AC550, a commercial γ-Al 2 O 3 and a commercial HZSM-5(80). The most suitable dehydration catalysts should have a sufficient activity to generate the desired product but also prevent the production of by-products through further DME dehydration. In this case the selectivity to DME was almost 100% for all catalysts under the conditions used here. It can be seen that at low temperatures ranging from 180 to 275, that the HZSM-5(80) has a higher reaction rate but as the temperature is increased to 275 the activity of AN550 catalyst increased is now higher than that of the HZSM-5 (80). From Figure (7) , the conversion of AC550 at 250 ˚C is 35.2 % and from from 85% to 82%, while AN550 decreased from 77% to 71.3% and for γ-Al 2 O 3 decreased from 41% to 35% during a dehydration period of 70 h. This is likely attributed to coke formation over HZSM-5(80) [43] and to water adsorption on γ-Al 2 O 3 and AN550. The result for HZSM-5(80) echoed an earlier finding by Abu-Dahrieh et al. [43] , which showed that coke formation over HZSM-5(80) is responsible for this deactivation. Although initially AN650 has a similar activity to AN550 it is less stable, as seen in the methanol conversion which decreased from 80 % to 52 %. This may be attributed to the appearance of although this could not be confirmed by the XRD (not shown) used herein [27] . From this it can seen that the activity of AN550 is two times the activity of commercial γ-Al 2 O 3 and around 87 % of HZSM-5 (80) activity.
Figure (9) shows the effect of space velocity on the activity of AN550. From the experimental data AN550 is active enough to give the equilibrium conversion of methanol at the reaction temperatures above 260 °C. From this it can be seen that an increase in catalyst mass leads to an increase in reaction rate where it can be observed that a linear relationship between catalyst mass and DME yield is obtained. Further increases in catalyst mass would therefore allow for higher conversions although this would introduce additional complications such as pressure drop.
Conclusions
Herein different acid catalysts were prepared using two precursors with different calcination temperatures during the production of DME from methanol. From the X-ray diffraction (XRD) pattern, different transition states of alumina were detected based on this calcination temperature. The boehmite was changed to γ-Al 2 O 3 at 550 °C, and the bayerite was completely changed to η-Al 2 O 3 when calcined at 550 °C. Among these catalysts that produced using the alumina nitrate precursor and calcined at 550 °C i.e. AN550 showed the highest catalytic performance under the reaction conditions (T=180-300 • C, WHSV= 12.1 h -1 ), compared it with AC550 and commercial γ-Al 2 O 3 and higher than commercial zeolite HZSM-5 (80) for temperatures above 275 ˚C. A comparison showed that this material had double the activity of the (commercial γ-Al 2 O 3 and AC550) and 87% activity of commercial HZSM-5 (80) at 250 • C. The acid site density over catalysts changed with the calcination temperature. In the methanol dehydration, the acid site density affected catalytic performance among the catalysts with alumina phase structure.It is thus recommended that AN550 (η-Al 2 O 3 ) is the most suitable catalyst for using in the production of DME from methanol.
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